Like many other intracellular parasites, including rickettsiae, shigellae, Trypanosoma cruzi, and Theileria parva (32) , the bacterial facultative intracellular pathogen Listeria monocytogenes is able to escape from phagocytic vacuoles and grow directly in the host cell cytoplasm (12, 39) . Ultrastructural studies have revealed fascinating details of the infectious cycle, which involves destruction of the phagosomal membrane, nucleation of actin filaments that propel the bacteria through the cytoplasm, and formation of bacterium-tipped pseudopodial extensions that facilitate cell-tocell spread (6, 33, 39) . However, few of the bacterial gene products involved in these events have been identified. An exception is listeriolysin 0, the product of hly, which is known to promote lysis of the phagosomal membrane (12, 39) . This was established in part by demonstrating that hly engineered for expression in Bacillus subtilis conferred on this common soil bacterium the ability to lyse phagosomal membranes after it was ingested by a macrophagelike cell line (2) . In the course of these experiments, it became apparent that the natural promoter for hly was not active in B. subtilis, despite the close phylogenetic relatedness of B. subtilis and L. monocytogenes (25) . This raised the possibility that expression of hly required the participation of a specific transcription activator not normally present in B. subtilis.
Two recent reports presented evidence that theprfA gene of L. monocytogenes encodes a positive activator of hly (24, 27) . A spontaneously occurring prfA deletion mutant that blocked transcription of hly was characterized (24) . This is consistent with our own studies involving Tn917-generated small-plaque mutants of L. monocytogenes (38) . Several of these mutants were caused by insertional disruption ofprfA, which blocked expression not only of hly but also of genes encoding two phospholipase activities that may potentiate the ability of listeriolysin to disrupt host membranes (4, 14, 22, 23, 26) . These mutants were absolutely defective for intracellular growth (38) and were 5 orders of magnitude less virulent for mice (1 (41) . B. subtilis ZB307A (SP3c2del2: :Tn917: :pSK10A6) has been previously described (18) . Escherichia coli DH5oc-MCR (BRL) was used as a host for recombinant plasmids. All strains were grown in Luria-Bertani (LB) broth (36) . Antibiotics were used at the following concentrations: chloramphenicol, 5 ,ug/ml; phleomycin (Bristol Laboratories), 0.8 ,ug/ml; erythromycin, 1 ,ug/ml; and ampicillin, 50 ,ug/ml. The (40) . Pspac-prfA was introduced into B. subtilis KY42 by transformation, selecting for phleomycin (DP-B1443). A control strain transformed with pAG58-ble-1 alone was designated DP-B1445. DP-B1443 and DP-B1445 were then transduced with SPI:: hly-lacZ to produce strains DP-B1451 (containing PspacprfA and SPP::hly-1acZ) and DP-B1450 (containing Pspac and SPp.: :hly-lacZ).
Primer extension. RNA was purified by centrifugation through CsCl by a modification of a procedure described by Kenney et al. (21) . B. subtilis strains were grown in 100 ml of LB medium containing appropriate antibiotics. IPTG was added to a final concentration of 1 mM to logrithmically growing bacteria at an optical density at 600 nm of 0.2 to 0.3. The cells were harvested after 2 h of additional growth at 37°C. L. monocytogenes 10403S, grown in 100 ml of LB medium containing 2.5 mM CaC12, 20 (29) AAAATT'lT1TAATGA-3', created a BamHI site and C-*A and G-*T substitutions within the hly palindrome. Each primer described above was used in a polymerase chain reaction amplification reaction in conjunction with a fourth primer (P4), 5'-TLTTGGATAAGCTT7GAGCATATT-3', located 585 bp downstream from the ATG initiation codon of hly and including an endogenous Hindlll site, and L. monocytogenes genomic DNA to generate hly promoter palindrome mutant products of 788 bp, which were subcloned upstream of the promoterless lacZ gene in pTKlac (20) . The hly promoter mutant constructs were sequenced to verify the nucleotide substitutions and then integrated into SP,B in B. subtilis ZB307A to generate SP: :h1y(P1)-1acZ, SPP::h1y(P2)-lacZ, and SP: :h1y(P3)-lacZ.
These three phage preparations were used to transduce DP-B1443 and DP-B1445 to erythromycin resistance.
13-Galactosidase assay. B. subtilis strains were grown in 50 ml of LB broth with appropriate antibiotics at 37°C to an optical density at 600 nm of approximately 0.1. The cultures were halved, and IPTG was added to one culture to a final concentration of 1 mM. Cultures were incubated at 37°C with shaking, and at the indicated time intervals, 1.5-ml aliquots were removed and frozen in a dry ice-ethanol bath. After being thawed on ice, samples were assayed by a fluorometric method using 4-methylumbelliferyl-13-D-galactoside as a substrate as previously described (41) .
RESULTS
The prfA gene product activates hly transcription. To (20) . Activity of the hly promoter was monitored through the use of a lacZ transcriptional fusion integrated by recombination into an SPJ3 prophage (44) .
prfA under the control of an IPTG-inducible promoter and providing for regulated expression of the prfA gene product in B. subtilis. A transcriptional reporter gene fusion between hly promoter sequences and the lacZ gene of E. coli was introduced into the B. subtilis chromosome through the use of an SP,B specialized transducing phage. The resulting B. subtilis strain, DP-B1451 (shown in Fig. 1) , contained a single copy of prfA under the control of an IPTG-inducible promoter and a transcriptional fusion of hly promoter sequences to the lacZ structural gene. Transcriptional activation of the hly-lacZ fusion in B. subtilis was measured by monitoring expression of ,-galactosidase activity following induction of prfA.
Expression of P-galactosidase from the hly-lacZ fusion was completely dependent on the presence of prfA coding sequences (Fig. 2) . 1-Galactosidase levels were over 100-fold higher in the presence ofprfA following IPTG induction than in the absence ofprfA. It should be noted that 3-galactosidase levels were higher in uninduced cells in the presence ofprfA than in its absence, indicating that there is a low level of prfA expression from the Pspac promoter in the absence of IPTG induction. However, addition of IPTG increased 3-galactosidase activity in these cells over 20-fold, indicating that the prfA gene product directly activates transcription from the hly promoter and that the presence of prfA is sufficient for this activation.
Mapping of hlyA-lacZ transcription initiation sites in B. subtilis. Two transcriptional initiation sites for the hly promoter in L. monocytogenes were previously identified (30) . The sites are separated by 10 nucleotides and located 122 bp (pl) and 133 bp (p2) from the hly translation initiation codon.
To determine whether the prfA gene product directs hly transcription in B. subtilis from the same initiation sites as are used in L. monocytogenes, we used primer extension analysis (Fig. 3) . Two hly transcripts which mapped to positions 123 (pl) and 133 (p2) relative to the translation initiation codon (lanes 1 and 2, respectively) were reproducibly identified in L. monocytogenes (Fig. 4) . To determine whether the prfA gene product activates hly transcription by recognizing this 14-bp DNA palindrome, we created single-and double-base-pair substitutions in conserved regions of the palindromic sequence by using polymerase chain reaction (37) (Fig. 4) . A single-base-pair change of C-'A in one half of the palindrome resulted in complete abolition of prfA-activated transcription (Fig. 5) encoded hemolytic activity represents an essential component of L. monocytogenes pathogenesis (5, 13, 17, 35) . Expression of hemolysin is dependent on the presence of a second gene product, which is encoded byprfA (24, 27 hly (C:A) subtilis in trans was necessary and sufficient for over 100-fold activation of transcription from the hly promoter. PrfA function required the presence of a 14-bp DNA palindrome in the upstream region of hly, and this palindrome apparently functions as a specific recognition sequence for PrfA binding. Single nucleotide substitutions within this palindrome resulted in the complete elimination of PrfA-directed activation of hly transcription. These experiments establish a definitive link between the presence of the 14-bp DNA palindrome and PrfA-directed activation of hly transcription.
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The predicted amino acid sequence of PrfA contains a region (residues 133 to 152) which resembles the helix-turnhelix motif found in some bacterial and phage DNA-binding proteins, such as the E. coli CAP-activator protein (7) and bacteriophage lambda repressor and Cro proteins (15) . These proteins bind as homodimers to palindromic DNA sequences located within their target promoters. The hly palindrome resembles the binding sites of these and other helix-turn-helix regulatory proteins. It is nearly identical to the palindrome present in the 0L3 operator site of phage 434 recognized by Cro and phage 434 repressor proteins, and its repeated 6-bp 5'-TGTTAA-3' sequence is also present in the lac operator site (15) . These protein-DNA recognition site similarities and the potential helix-turn-helix structural motif of PrfA suggest that the PrfA protein may bind as a homodimer to the hly palindrome via specific protein-DNA contacts. Confirmation of this hypothesis awaits purification of the PrfA protein. (8, 31) .
PrfA is clearly a transcriptional activator of a gene(s) required for the escape of L. monocytogenes from the host cell vacuole. There is evidence that PrfA also regulates genes required for nucleation of actin filaments and cell-tocell spread. A Tn917 insertion upstream of prfA results in decreased hemolytic expression and secretion of PI-PLC. However, unlikeprfA structural gene mutations, this mutant retains enough activity to lyse the phagocytic vacuole and enter the cytoplasm. Interestingly, this mutant is defective in nucleating actin filaments and consequently is defective in cell-to-cell spread (11, 38) . This suggests that PrfA is required for events that occur in the host cytoplasm as well as in the vacuole. An intriguing possibility exists that regulation of pifA expression is mediated by exposure of L. monocytogenes to the specific environments found within the different compartments of the host cell.
